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Acoustoelectric devices convert acoustic energy to electrical energy and vice versa. Devices
working at much higher acoustic frequencies than those currently available have potential
scientiﬁc and technological applications, for example, as detectors in phononics experiments
and as transducers in bulk acoustic wave ﬁlters at terahertz (THz) frequencies. Here we
demonstrated an active acoustoelectronic device based on a GaAs heterostructure: an
acoustically gated transistor or phonotransistor. Instead of being controlled in the conven-
tional manner by an electrical signal applied to a metallic or semiconductor gate as in a high
electron mobility transistor (HEMT), the drain-source current was controlled by a bulk sub-
THz acoustic wave passing through the channel in a direction perpendicular to the current
ﬂow.
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The ability to generate beams of coherent acoustic phononsby ultrafast pulsed laser excitation of nanometre-thicknessmetal or semiconductor ﬁlms, ﬁrst demonstrated in the
1980s1,2, has given birth to the ﬁeld of phononics research. In
subsequent decades, the techniques have been reﬁned such that
the generation of picosecond-duration bursts of coherent pho-
nons containing phonon frequencies up to a few hundred GHz is
now well established; for a review see ref. 3. Applications of these
coherent phonons include: fundamental studies of phonon
transport and interactions in materials;3–7 hypersonic probing of
nanostructures8–10 and single biological cells11,12 with nanometre
resolution; control of the optical, electronic and magnetic prop-
erties of materials and devices;13–15 and generation and detection
of sub-THz electromagnetic radiation16,17.
In phononics experiments, the detection of the coherent pho-
non bursts is indirect. The most common method, used in many
of the works cited above, is through the acoustic modulation of
the intensity of a transmitted or reﬂected light beam which is
detected on a photodiode. Detection of the coherent phonon
pulses through their heating effect, using bolometers, has also
been demonstrated18. For a number of applications, it is desirable
to have a device which converts the strain ﬁeld associated with the
coherent phonons directly into an electrical signal. Such devices
are the phononic equivalent of photodiodes and phototransistors,
which are considered essential components in the ﬁeld of pho-
tonics. For a recent review of work in this ﬁeld see ref. 19.
Any of the devices in which the control of electronic transport
by coherent phonons has been demonstrated, e.g., Schottky
diodes13, resonant tunnelling diodes20 and superlattices21, could
form the basis of a “phonodiode” detector. However, these
devices have no capacity for gain, and the development of a
“phonotransistor” with the potential for a gain effect has the
potential to not only improve the sensitivity of phonon detection
but also to facilitate the integration of coherent phonon signals
into electrical circuits. To achieve the creation of a phono-
transistor, this work investigates coherent phonon effects in high
electron mobility transistors (HEMTs) based on the two-
dimensional electron gas (2DEG) formed in a semiconductor
heterojunction. These devices are interesting for terahertz (THz)
phonon applications because they have been shown to work at
high frequencies. An ampliﬁer circuit based on HEMT devices
holds the Guinness world record for the highest frequency
ampliﬁer, having been shown to measure at a gain of 9 decibels at
1 THz22.
Acoustically driven electron transport in two-dimensional (2D)
electron systems has been previously demonstrated, using surface
acoustic waves (SAW) travelling parallel to the 2D layer23–25. In
these experiments, the SAW, via the piezoelectric interaction,
modulates the electric potential felt by the electrons, which
become trapped in the potential minima and are “dragged” along
with the SAW giving rise to the signals. It is also possible for the
vertical component of SAW waves to be used for the control of
vertical transport devices such as resonant tunnelling diodes26.
These measurements are limited to frequencies of the order of a
few GHz owing to the transducers used and SAW attenuation.
Bulk acoustic waves have higher frequencies, but cannot be easily
propagated parallel to a conventional 2DEG which is located only
about 100 nm from the semiconductor surface.
In this paper, we show that we can control the lateral electron
transport in a 2DEG device using bulk acoustic waves, of fre-
quencies of tens to hundreds of GHz and propagating in a
direction perpendicular to the plane of the 2DEG. We consider
the physical process giving rise to the observed effects, and the
factor(s) determining the speed of the measured response. We
discuss potential phononics applications for the device, which we
call a high electron mobility phonotransistor.
Results
Experimental arrangement. The experimental arrangement is
shown in Fig. 1a. The samples featured an electrically contacted
2DEG structure on one side of the substrate and an aluminium
ﬁlm opto-acoustic transducer on the opposite side. The trans-
ducer generated, via the thermoelastic effect, bipolar picosecond
acoustic (strain) pulses and launched them into the GaAs sub-
strate. A typical strain pulse excited in this way has duration of
~10 ps, containing frequency components up to ~100 GHz27. The
strain pulses propagated across the substrate at the speed of
longitudinal sound and were incident on the 2DEG, whereupon
they caused a change in conductivity of the channel. To prevent
the attenuation of the phonon signal as it passed through the
substrate, experiments were performed at 5 K unless stated
otherwise. Two samples will be discussed in this paper, and these
were designed to be identical aside from the spacer layer between
the doping and 2DEG regions, which was 40 nm in sample A
and 20 nm in sample B. The general sample structure can be seen
in Fig. 1b.
Acoustoelectric response of the 2DEG. The inset to Fig. 1c
shows the transient response of sample B to an acoustic pulse
created by a pump laser power of 4.5 mW, corresponding to a
laser ﬂuence of ~3.6 mJ cm−2, on the aluminium transducer. The
DC background current was removed by the action of the bias
tee. The excitation spot was located directly opposite the centre of
the 2DEG channel, mid-way between the contacts. The signals
during the ﬁrst 10 ns, the large spike at time t= 0 followed by a
train of pulses of decaying amplitude, are due to stray laser light
reaching the device and being detected by the photoelectric effect.
After a time, t= 71 ns, there is a 122 µA spike due to the strain
pulse. The main Fig. 1c shows the acoustoelectric signal in more
detail for both polarities of bias at a magnitude of 500 mV and in
the case of zero bias. It is seen that the acoustic response reverses
when the bias polarity is reversed with ΔI(t) < 0 for V > 0 and ΔI
(t) > 0 for V < 0. In the case of V= 0 the acoustic wave produces a
negligible response. These results show the incident strain pulse
causes an increase in resistance of the 2DEG channel. This could
be due to the deformation potential associated with the strain
modulating the electronic band structure, causing a depletion of
the charges in the channel, in a similar way to applying a negative
gate bias to a HEMT. Alternatively, the strain pulse could cause a
decrease of mobility of the electrons in the channel through
heating or electron–phonon scattering.
Dependence of the acoustoelectric signal on applied DC bias.
Figure 2a shows the acoustoelectric signal as a function of the bias
voltage applied to the device. The results in Fig. 2a are shown for
sample B at a laser ﬂuence of ~2.6 mJ cm−2. The DC
current–voltage (IV) characteristics of this device can be seen in
Fig. 2b for comparison. The acoustoelectric response was mea-
sured at the peak of the acoustic pulse. It is seen that both the
acoustic signal and the DC current reach saturation at similar
values of bias. We attribute the saturation of the current in the
channel at high electric ﬁelds to electron drift velocity saturation
effects. In this regime, the electron mobility is dominated by
optical phonon scattering and becomes a strong function of the
drain-source electric ﬁeld (bias). The fact that the acoustic signal
has the same shape as the IV characteristics indicates that strain-
induced depletion of the carriers is the main cause of the signal. If
the signal was, instead, caused by changes in the mobility due to
acoustic phonon scattering, we would expect a strong decrease in
its amplitude in the regime where optical phonon scattering
dominates. For sample A, the signal showed similar saturation
effects at high bias, and was found to reach a similar magnitude at
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saturation, suggesting that the amplitude of the strain pulse is the
main factor in determining signal magnitude rather than the
speciﬁc device properties, such as mobility and carrier density.
Dependence of the acoustoelectric signal on strain amplitude.
The amplitude of the strain pulse injected from the transducer is
proportional to the pump laser ﬂuence, and in Fig. 2c we show
how the acoustoelectric response of the sample varies with pump
ﬂuence: We can see that both samples exhibit a highly non-linear
increase of signal with pump ﬂuence. We attribute this behaviour
to the non-linear acoustic propagation effects that occur at high
strain values, and the change in the spectrum of the acoustic pulse
we expect at high strain powers. We see this non-linearity
manifesting itself as a broadening of the electrical signal and its
movement to earlier times, by about 180 ps between the lowest
and highest pump powers, as can be seen in Fig. 2d. The
movement to earlier times can only be explained by non-linear
acoustic propagation effects which lead to a sharpening of the
edges of the acoustic pulse whose leading edge travels at a speed
which is slightly greater than the speed of sound in the linear
regime28–31. Analysis of the signal arrival time shows that the
maximum strain amplitudes generated in our measurements are
in the mid 10−3 range. An important effect of acoustic non-
linearity is the formation of strain components in the pulse that
are much higher in frequency, up to ~1 THz, than present in the
strain pulse initially generated in the Al transducer, ~100 GHz.
The fact that signals are only detected in the devices at high strain
amplitudes and the non-linear response in Fig. 2c implies that the
device is more sensitive to strain pulses that have been modiﬁed
by propagation in the acoustic non-linear regime.
Temperature dependence of acoustoelectric signal. Figure 2e
shows the dependence of the acoustic signal on the temperature
of the sample. For comparison, Fig. 2f shows the mobility of the
samples measured as a function of temperature using a four-
terminal measurement. If the cause of the acoustic signal is a
change in the 2DEG carrier concentration, the temperature
dependence of the signal would be expected to follow the tem-
perature dependence of the mobility. While the signal does
decrease with increasing temperature like the mobility, the
decrease is faster, and the signal is negligible at temperatures
above 70 K. This is probably due to attenuation of the higher
frequency acoustic components as the temperature increases. At
temperatures above about 50 K, the attenuation of phonons of
frequency >200 GHz propagating across n~ 350 µm GaAs wafer
becomes signiﬁcant7.
Simulation of the acoustoelectric response of 2DEG. Based on
the results above, we propose that the observed response is due to
the acoustic wave inducing a decrease in the 2DEG carrier density
as it propagates through the heterostructure. Owing to the
deformation potential coupling, the strain associated with the
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Fig. 1 Experiment details. a Schematic of experimental scheme. b Device structure, the delta-doped layer features a doping level of nd= 5.23 × 1012 cm−2.
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acoustic wave shifts the energy bands. This shift in the relative
energies of the 2DEG layer and the doped AlGaAs layer causes a
transfer of electrons between the two and hence a change in the
conduction of the 2DEG. The deformation potential associated
with the strain therefore has a similar effect to applying an
electrical gate signal to the device. The conduction band defor-
mation potential is negative in Ga(Al)As, and hence the com-
pressional (negative strain) part of the acoustic wave causes an
increase in the band energy and the tensional (positive strain)
part causes a decrease in the band energy. The relative shift in the
energies between the 2DEG inversion layer and the doped layer
causes a transfer of electrons and hence a change in the con-
ductivity of the 2DEG.
We have simulated the effect of a bipolar strain pulse moving
through the two regions of interest, the delta-doped layer and the
2DEG layer, taking account of non-linear acoustic propagation
using the Burgers equation32. Referring to Fig. 3a we see that as
the acoustic wave moves up through the structure, the ﬁrst region
of interest it encounters is the 2DEG. It will travel through this
and reach the doped layer after a time equal to t1 ¼ ddSAlGaAs, where
dd is the thickness of the spacer between the doped region and the
2DEG and SAlGaAs is the speed of sound in Al0.33Ga0.67As at low
temperatures= 5031 ms−1. After moving beyond the dopant
region, the strain pulse continues to travel to the sample surface
from which it is reﬂected, with a phase reversal, back through the
structure. The strain pulse then re-encounters the doped region
after a time equal to t2 ¼ 2dsSAlGaAs where ds is the distance to the
surface and the other symbols are as before, after which the strain
passes the 2DEG region again. By superposition of the effect of
the forward and reﬂected strain pulse on the relative levels of the
2DEG compared to the doped layer, we can simulate how the
band structure of the sample will be shifted over time. An
example of this simulation can be seen in Fig. 3b. We modelled
the strain as having an asymmetric effect on the signal, only
considering the effect of potential shifts between the energy levels
in the 2DEG and doping layer which would result in a depletion
of carriers in the channel. This is consistent with the acoustic
wave causing an increase in the resistance of the device as seen
experimentally. The assumption of an asymmetric device
response is reasonable as a gated device fabricated from a similar
structure was found to work only in depletion mode. To allow
comparison between the simulation and the measured signal, we
applied a fourth-order Butterworth ﬁlter with a 3 GHz cut-off to
the simulation. This accounts for the effect of the ﬁnite electrical
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Fig. 2 Results. a Dependence of acoustic signal on sample B on bias. Signal taken using an exciting laser ﬂuence on the transducer ﬁlm of 2.5 mJ cm−2. b IV
characteristic of sample B at 5 K. c Dependence of acoustic signal in both samples on the laser ﬂuence incident on the transducer ﬁlm. Signals on sample A
were taken with 500mV of bias applied to the device, while for sample B 100mV was applied. d Temporal shift of the signals measured on sample B at
100mV. e Dependence of acoustic signal on sample temperature. f Sample mobility as a function of temperature measured using a four-point method; the
signals have been normalised to the mobility of sample A. Error bars were all estimated from the standard deviation of a repeated measurement
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bandwidth of the sample packaging, cabling and measurement
electronics. Figure 3c shows a comparison of the signal measured
with sample B using a pump ﬂuence of ~3.6 mJ cm−2. A strain
level of 1.5 × 10−3 and an initial pulsewidth, before non-linear
propagation, of ~10 ps peak to peak were used. The best match of
the modelled response to the measured signal was obtained by
assuming the percentage of strain reﬂected from the surface was
~90% implying a small loss of signal due to scattering at the
surface. Figure 3d shows a simulation of a signal taken when
sample B was excited with a lower pump ﬂuence, and for this
signal an initial strain value of 8 × 10−4 was used but otherwise all
parameters were as for Fig. 3c.
Discussion
Measurements of the dependence of the acoustically induced
signal on the pump ﬂuence and the temperature both pointed to
the 2DEG being most sensitive to the acoustic waves of frequency
>150 GHz. We see this is consistent with the proposed model and
simulations. So that the strain causes a relative shift of the band
energies and hence transfer of charge between the 2DEG and the
donor levels, the acoustic wavelength must be smaller than the
thickness of the spacer layer between the doped layer and the
2DEG. Acoustic waves having much larger wavelengths do not
cause a relative shift of the band energies of the 2DEG and doped
layer, and so cause no charge transfer, and hence induce no
signal. For sample A, therefore, a low frequency cut-off occurs at
fc ≈ SAlGaAs/2dd ≈ 63 GHz, and for sample B at around 126 GHz.
Previous work suggests that in the linear acoustic regime the
frequencies generated by a 30 nm aluminium ﬁlm such as used in
this work extend to ~100 GHz27, and so our device sensitivities
are on the limit of what is achievable in the linear regime and this
is why we only observed clear signals in the non-linear acoustic
regime.
The typical magnitude of the strain in our experiments is Ɛ
~10−3, and the magnitude of the deformation potential in GaAs,
Ξ D is about 10 eV per unit strain33. Therefore, the acoustically
induced potential change in the structure is ε Ξ D ~10mV. The
measured signal amplitude at the terminals of the device in a load
of 50Ω is of order one millivolt. However, a fourth-order ﬁlter
with a 3 GHz cut-off frequency would attenuate a signal of fre-
quency corresponding to the phonon pulse by a factor of ~100×,
and therefore we deduce that the acoustically induced signal
amplitude must be of order 100 mV, which implies the device
possesses an acoustoelectric “gain” or “transistor” action.
It is interesting to do a rough comparison between the sensi-
tivity of the phonotransistor and a conventional all-optical
pump–probe experiment. In a typical pump–probe experiment,
where changes of the reﬂectance of a laser probe beam are used to
measure the phonons, the level of reﬂectivity changes ΔRR
 
are
typically in the order of 10−5 as in ref. 3. Assuming a laser power
level in the reﬂected probe beam of 10 mW, we would therefore
expect a signal due to the reﬂectivity change of ~0.1 µW. If we
detect this using a standard silicon photodiode which produces an
output of around 0.5 AW−1, we expect currents in the range of a
hundred nano amps, around a thousand times less than signals
measured in the phonotransistor.
In summary, we have demonstrated that an acoustic wave
normally incident on a 2DEG can induce a change in the elec-
trical current. We ﬁnd that the device has a high sensitivity to the
acoustic waves owing to the transistor (gain) effect, and we offer a
qualitative explanation for the effect due to the deformation
potential action of the acoustic wave on the energy bands of the
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structure. 2DEG structures have been heavily researched in the
THz community with novel structures being designed as plasmon
emitters (for a review see ref. 34). A potential route for future
investigation is using acoustic waves to modify the carrier con-
centration in these structures providing the possibility for fast
modulation of the signals in these devices. Phonotransistors also
have a great potential to provide fast electrical detection of the
acoustic waves with comparatively simple manufacturing
requirements compared to other high-frequency devices.
Although our electrical measurement is limited to frequencies
<~10 GHz, our results suggest that the 2DEG device is sensitive to
acoustic waves with frequencies extending signiﬁcantly up above
150 GHz. Therefore, such a 2DEG could be used to convert
coherent acoustic waves to THz radiation.
Methods
Sample structures. The experimental arrangement is shown in Fig. 1a: GaAs/
AlGaAs heterojunction 2DEG structures were grown by molecular beam epitaxy on
approximately 0.5 mm-thick semi-insulating GaAs substrates. Two samples will be
discussed in this paper, and these were designed to be identical aside from the
spacer layer between the doping and 2DEG regions, which was 40 nm in sample A
and 20 nm in sample B. The structures, shown in Fig. 1b, consisted of: a 1.3 µm
GaAs buffer layer; a 40 nm (sample A) or 20 nm (sample B) Al0.33Ga0.67As spacer; a
layer of Al0.33Ga0.67As, delta doped with Si to ~5 × 1012 cm−2; 40 nm of
Al0.33Ga0.67As; and a 17 nm GaAs top cap. The areal carrier density, ns, of the two
samples was measured using Shubnikov de Haas oscillations at approximately 4 K.
Sample A (40 nm spacer) had ns= (1.94 ± 0.01) × 1011 cm−2 while sample B (20
nm spacer) had ns= (3.9 ± 0.02) × 1011 cm−2. The low-ﬁeld mobilities, µ, of the
two samples at 10 K measured using a four-terminal method were found to be: for
sample A, µ= (1.00 ± 0.05) x 106 cm2 V−1 s−1 and for sample B, µ= 450,000 ±
20,000 cm2 V−1 s−1. A Mesa etch deﬁned the 2DEG channel which had dimen-
sions of ≈120 μm by 95 μm and GeAuNi Ohmic source and drain contacts were
made at each end.
Experimental details. On the back side of the substrate, opposite to the 2DEG
device, a 30 nm-thick Al opto-acoustic transducer ﬁlm was deposited. The Al
transducer was pumped with femtosecond pulses from an ampliﬁed Ti:Sapphire laser
(pulsewidth= 85 fs; wavelength= 800 nm; repetition rate= 5 kHz; and maximum
energy= 1mJ). The device had a DC bias applied to it, using a microwave bias tee,
and the signal response was detected on a 12.5GHz bandwidth digital oscilloscope.
The laser spot size used to excite the transducer varied slightly between datasets
due to differences in the experimental arrangement, and hence in the Results
section, an estimation of the ﬂuence of the exciting laser pulse is given, based on an
estimation of the expected spot size in each focussing arrangement.
Data availability
The datasets generated during and/or analysed during the current study are available
from the corresponding author on reasonable request.
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